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Aging of attention: Does the ability to divide decline?
TIMOTHYA. SAITHOUSE, NATIIANAEL M. FRISTOE, TARA T. LINEWEAVER, and VICKY E. COON Georgi,a Institute of Technology, Atlanta, Georgi,a Previous research has yielded conflicting results regarding the relationship between adult age and the ability to divide attention between two concurrent tasks. At least some of the inconsistency is probably attributable to methodological variations, such as the manner in which divided-attention ability has been assessed, how single-task performance has been considered, and the degree of control over relative emphasis placed on each task. TWo experiments employing procedures sensitive to these concerns were conducted in which a speeded decision task was performed during the retention interval of a letter-memory task. The results of both experiments indicated that there were relatively few age-related influences on dual-task performance vis-i-vis those on single-task performance.
ences on the performance of complex cognitive tasks are mediated by effects exerted on elementary processes. These two alternatives are difficult to distinguish, because it is not always clear what elementary processes are involved in a particular complex cognitive activity. However, the problem of the identifiability of constituents may be more tractable when the complex activity involves the combination of two simpler tasks, as is the case in dual-task performance.
Although one might hope that examination of the research literature could resolve these issues, the existing literature on adult age differences in dual-task performance is confusing, in large part because of differences in a number of methodological characteristics (see Somberg & Salthouse, 1982) . First, there has been considerable variation in the types oftasks used in dual-task comparisons. For example, the tasks have ranged from two perceptual discrimination ones (Somberg & Salthouse, 1982) , to sentence verification and memory span (e.g., Morris, Craik, & Gick, 1990) , to sentence recall and picture recognition (e.g., Tun, Wingfield, Stine, & Mecsas, 1992) . Second, there have been inconsistencies in terms of whether performance in each task was assessed only in combination with the other task or both alone and in combination. Third. several different analytical methods have been used to evaluate dual-task performance. And fourth, the studies have varied with respect to how the possibility of dual-task tradeoffs has been examined.
The particular combination of tasks used in dual-task studies is potentially important, because it is quite possible that different "pools" of attentional resources are required for different types of tasks (see, e.g., Wickens, 1984) . In fact, in two studies involving similar procedures but different combinations of tasks, different patterns of results were obtained with regard to age differences in divided-attention abilitv. That is. older adults 59
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had greater dual-task impairments than did young adults when two memory span tasks were performed together (Salthouse, Rogan, & Prill, 1984) but not when two perceptual discrimination tasks were performed together (Somberg & Salthouse, 1982) . However, thorough investigation ofthe role ofspecific tasks on dual-task performance requires a systematic examination of many task combinations. This was not attempted in this project; instead, the focus was on the other three issues identified above. An important requirement for the interpretation of dual-task performance is assessment of performance in each task when it is performed alone as well as when it is performed in combination with the other task. Some studies have focused on a primary task, A, and then have examined performance in that task both when it was performed alone and also when a secondary task, B, was performed concurrently. Because no measure of performance was available on task B when it was performed alone, the analyses in these studies were often restricted to performance in task A (e.g., Crook, West, & Larrabee, 1993; Morris et al., 1990; Morris, Gick, & Craik, 1988; Park, Smith, Dudley, & LaF r onza, I 9 8 9 ) . Unfortunately, only weak inferences about divided-attention abilities are possible without sensitive measurement ofboth tasks when performed alone and when performed in combination. For example, if I subject performed poorly and another subject performed well in task B when it was performed alone, then the same level of performance in that task when it was combined with task A would have quite different meanings for the 2 subjects. For I subject, the demands imposed by the concurrent tasks might be minimal, whereas for the other subject, they might be large. Only if measures of performance in each task alone and in both tasks in combination are available can this possibility be evaluated.
Several methods have been, or could be, used to evaluate dual-task performance. The simplest method is to examine performance in the dual-task situation without considering single-task performance. This method hasn't been used in many studies, which is fortunate since, because of the unknown contribution of single-task performance, it is not really informative about dual-task performance per se.
A second method has involved adjusting the conditions in the dual-task situation according to the performance of each subject when the tasks were performed alone. That is, after each subject's duration threshold (Somberg & Salthouse, 1982) , tracking efficiency (Baddeley et al., 1986; Brouwer, Ickenroth, Ponds, & van Wolffelaar, 1990; Brouwer, Waterink, van Wolffelaaq & Rothengatter, 1991; Korteling, 1993; Ponds, Brouwer, & van Wolffelaar, 1988) , or memory span (Salthouse et al., 1984) has been determined in a single task, this value can be used when the task is performed in combination with another task. Of course, the advantage of this procedure is that it provides direct control of single-task performance in the assessment of dual-task performance. The disadvantage, however, is that it is often very time consuming to obtain reliable measures of singletask performance in order to establish appropriate parameters for the dual-task conditions.
The remaining methods of considering single-task performance in the evaluation of dual-task performance involve measures that incorporate an adjustment for single-task performance. For example, difference scores (i.e., dual -single) or ratio scores (i.e., dualisingle) could be used, as could the residuals from a regression equation predicting dual-task performance from singletask performance. While these methods differ with respect to assumptions about the relationship between single-and dual-task performance and about the measurement scale that is most meaningful in interpreting dual-task performance, plausible rationales could be developed for each method. Rather than attempting to argue for the superiority of any particular method, several different methods will be examined in the analyses in this report.
When two tasks are performed together, there is no assurance that every individual places equal emphasis on each task. However, if there is variation in relative emphasis either across people or across conditions, then comparisons restricted to a measure of performance from one task may not be very meaningful about overall dualtaskperformance. Forexample, if Subject I emphasizes or "protectso' task A and Subject 2 emphasizes or "protects" task B, then Subject I might have a decrement in task B performance but not in task A performance, whereas the reverse could be true for Subiect 2. Althoush these types of between-task tradeoffs aie impossibleio identify in the typical univariate analyses. several different ways of dealing with possible between-task tradeoffs have been, or could be, used to address this issue. One approach is simply to ignore the problem and consider the performance measures from each task in isolation, with the assumption (or hope) that the relative emphases in the two tasks are similar across subjects. A much more ambitious approach involves the generation of complete attention-operating characteristics for each subject by using instructions or payoffs to vary the relative emphasis on each task. This procedure has the advantage of allowing dual-task performance to be evaluated in terms ofproperties of the entire function, such as the area encompassed by the attention-operating characteristic relative to the region defined by performance on each task alone (Somberg & Salthouse, 1982 ; also see Baron, Myerson, & Hale, 1988; Ponds et al., 1988; Salthouse et al., 1984) . The disadvantage of the attentionoperating-characteristic approach is that it is very timeconsuming to generate complete functions of this type for every subject.
Another method of dealing with the potential tradeoff problem is to create composite measures representing performance in both concurrently performed tasks. For example, the performance measures in each task could be converted into z scores, which could then be combined to create a composite performance index. This method is based on the potentially questionable assumption that the measures from each task are equally sensitive and important. Nevertheless, it does provide a means of integrating the performance measures in the two tasks into a single index, and thus it may be a reasonable compromise between the extremes of simply ignoring the problem and collecting the very large amounts of data needed to generate complete attention-operating characteristics.
The current project consisted of two experiments, both of which involved a reaction-time task that was performed alone and was embedded in the retention interval of a letter-memory task. It was assumed that attention had to be divided between the maintenance of the letter information from the memory task and the performance of the reaction-time task (cf. Baddeley et al., 1986) . In each study, the reaction-time task was performed alone, the letter-memory task was performed alone, and the reaction-time task was performed during the retention interval of the letter-memory task. In Experiment l, a single reaction-time task (digit symbol substitution) was examined, and the concurrent memory load was varied (i.e., two, four, or six letters). In Experiment 2, a single concurrent memory load (i.e., four letters) was used, and the amount of processing required in the reaction-time task was varied (i.e., decisions based on physical identity versus associational equivalence, or decisions requiring varying numbers of arithmetic operations).
Two analytical strategies were used in each study. One strategy involved examination ofaccuracy and response time (RT) in the reaction-time task and accuracy in the memory task when each task was performed alone and when the two tasks were performed together. Four different methods of examining dual-task performance were used in these analyses: dual-task performance by itself, a dual-single difference score, a dual/single ratio score, and the residual score in the dual-task measure after using a linear regression equation to remove the contribution of the single-task measure.
Separate analyses were conducted for each original performance measure (i.e., RT and percentage correct in the reaction-time tasks and percentage correct in the lettermemory task) and for a composite index created by combiningz scores. The composite was formedby summing the two measures in which high scores represented better performance (i.e., accuracy in the reaction-time task and accuracy in the letter-memory task) and subtracting the measure in which high scores represented poorer performance (i.e., RT in the reaction-time task). Higher scores in the resulting index therefore correspond to higher accuracy and shorter time.
The second analytical procedure consisted ofa series of regression analyses on each performance measure, with measures of performance in simpler conditions (i.e., those with a single task or those requiring less single-or concurrent-task processing) and age as predictors. That is, instead ofjust using age and performance in the single-task conditions as predictors, these analyses also included measures of performance from simpler single-or dual-task conditions as additional predictors DIVIDED ATTENTION 61 in order to determine where unique influences of age might occur. If there are distinct age-related influences on measures of performance in complex cognitive tasks, then age should be a significant predictor of complex performance even after considering performance on simpler tasks. Alternatively, if all of the age-related effects are mediated through simple processes or components, then age should be significant in predicting performance only on the simplest versions of the tasks. In addition to the issues discussed above, the present experiments also examined the role of processing speed as a potential mediator of age differences in dual-task performance. This was accomplished by administering several paper-and-pencil tests of perceptual-motor speed, and then examining the age'related variance in dual-task performance both before and after control of the variance in these measures. The rationale was that the difference between the two variance estimates provides an indication of the extent to which the speed measures contribute to the age-related influences on dual-task performance. (See Salthouse, 1991 , 1992a , 1993b , for further discussion of this rationale.)
Characteristics ofthe 40 young adults and 40 older adults who participated in the study are summarized in Table l . Older adults were recruited from newspaper advertisements, and young adults were students recruited via posted advertisements. All older adults received $10 for their participation; the young adults received either $10 or credit toward a course requirement.
Pmcedure
All subjects performed the same battery of paper-and-pencil and computer-administered tests in the same order. The order of .255* 4s. 6 (23.9\ 18.9 (17.9) .3r2* 22.7 (r7.4) 6.3 (9.0)
.292* Note-Health was a self-rating on a 5-point scale ranging from 1for excellent to 5 for poor . Education was the number of years of formal education completed. Letter-memory scores are the percentage oftrials correct. Numbers in parentheses are standard deviations *p < .01.
the paper-and-pencil tests was: boxes, pattern comparison, letter comparison, digit copying, antonym vocabulary and synonym vocabulary. The testing occurred in a laboratory on a college campus and required approximately 90 min for each subject. Each of the first four paper-and-pencil tests consisted of an instruction page with several examples and two pages of test items. The subjects were allowed 30 sec to complete as many test items as possible on each page. The measure ofperformance was the average number of items correctly completed across the two pages for the boxes and digit-copying tests and the number correct minus the number incorrect (to adjust for guessing) for the parrerncomparison and letter-comparison tests.
Stimuli in the boxes test were 100 three-sided squares with an open side facing either up, down, left, or right. For eaih three-sided square, the subject was to draw a fourth line to form a closed box.
Items in the pattern-comparison test were pairs of line-segment pattems composed of three, six, or nine segments. The subject was to write an "S" between the patterns if they were the same or a ..D,' if they were diferent. One-half of the 60 pairs were different because of a shift in the position of one line segment in one member ofthe pair.
Letter-comparison items consisted of 2l pairs of three, six, or nine letters each. The subjects were to write an..S" between the pairs if the two sets of letters were the same or a..D" if they were different. One-halfofthe letter pairs were different because ofa difference in the identity of one letter in one member of the pair.
The digit-copying test consisted of 100 pairs ofboxes, one on top ofthe other, with a digit in the upper box and a blank lower box. The subject was to copy the upper digit in the lower, blank box.
Vocabulary questions were selected from Salthouse's (1993a) intermediate-difficulty questions. Both antonym and synonym vocabulary tests contained 10 five-alternative multiple-choice questions. Two minutes were allowed for each test, and the score was the number ofcorrect answers on each test.
After the subjects had completed the paper-and-pencil tests, the computer-administered tests were administered in the following counterbalanced order: letter memory digit symbol, two-letter concurrent memory load, four-letter concurrent memory load, two blocks each ofsixJetter concurrent memory load, four-letter concurrent memory load, twoJetter concurrent memory load, digit symbol, and letter memory. Before each test, written instructions containing information about what responses to make to the stimuli and a schematic diagram of the sequence of test events were presented.
The letter-memory test was designed to assess the subjectt ability to remember a series ofbriefly presented letters. For each trial, three to seven letters were individually presented for 1,000 msec each. Following presentation ofthe last letter ofeach trial, a display containing as many blank lines as there had been letters displayed was presented to the subject, who was instructed to enter the letters in the order in which they had been presented. Six practice trials preceded a block of40 (8 at each sequenc€ length) test trials. Accuracy ofrecall at each series length was recorded.
The digit-symbol test was a modification of the Wechsler Digit Symbol Substitution Test (see Salthouse, 1992b) designed to assess perceptual comparison speed. For each trial, the same code table containing nine digits, each paired with a different symbol, was presented in the upper portion ofthe display. The lower portion of the display contained a digit-symbol pairing, which on one-halfofthe trials matched a pairing from the upper table. The subject's task was to decide whether the digit and symbol matched any pair in the code table at the top of the display. As rapidly as possible, the subject was to press the " 1" key for same pairs or the "2" key for ditrerent pairs. Eighteen practice trials were followed by a block of45 test trials. Individual trial latencies and accuracy percentages were recorded.
In the concurrent-memory-load tests, the digit-symbol task was embedded in the retentioo interval of the letter-memorv test. Concurrent memory load was varied across trial blocks by presenting two, four, or six letters. On each trial, the entire letter series was presented for 2,000 msec. A prompt then instructed the subject to prepare for the digit-symbol task by placing his or her fingers on the appropdate keys. After making the same/different judgment as rapidly as possible, the subject was asked to recall the letters. The subjects were instructed to "concentrate on remembering the series of letters even if it means that your performance on the other task has to suffer." The concurrent-memory-load test consisted of 18 practice trials and 45 test trials in each ofsix blocks (i.e., two blocks each with two, four, and six letters). Both accuracv ofrecall ofthe letters and accuracy and latencies for the digit-symbol trials were recorded.
Results andDiscussion Scores ofthe young and old adults on the paper-andpencil speed tests, vocabulary tests, and letter-memory tests are presented in Table l . The results in the table are fairly typical of those obtained in previous studies comparing the performance of adults of different ages. That is, as is frequently found, the scores ofyoung adults are higher on the speed measures and lower on the vocabulary measures than those of older adults.
The percentages ofcorrect responses and median RTs were analyzed in the digit-symbol task. All trials were analyzed in the single-task or alone (zero letters) cond! tion, but only trials in which letter recall was correct were analyzed in the concurrent (two, four, and six letters) conditions in order to ensure that the memory task was not simply ignored. (Because recall was less accurate when the number of letters increased, there were necessarily fewer trials contributing to the means in conditions with more letters). Means for each age group in each condition are displayed in the top panel ofFigure l.
An age x condition (zero, two, four, and six letters) analysis of variance (ANOVA) was conducted on both the RT and the accuracy measures. Data were missing for I subject who had no correct trials with six letters when presented alone, and thus the analyses are based on the scores of40 young adults and 39 older adults. The age effect was significant in both measures lF(1,77) : 88.7 7, MS " = 46,09 l, for RT, and F(1,7 7) : 8.82, MS " : 24.16, for accuracy], and the condition effect was also significant in both measures lF(3,231) : 25.07, MS" = 66,859, for RT, and. F(3,231):7.64 MS":13.03, for accuracy], but the interaction was not significant (F < 1.8) with either measure.
It is apparent in Figure I that the age effects were attributable to the older adults' being slower but slightly more accurate than the young adults. The condition effects were manifested as slower RTs but slightly higher levels of accuracy with a concurrent memory load than without.
Means of the percentage of letter-memory trials answered correctly are displayed in the bottom panel of Figure l . Analyses of these data were restricted to conditions with four and six letters, because two letters were not presented alone on the assumption that accuracy in such a condition would be perfect. The effects in the age X load (four or six letters) X condition (single or dual) ANOVA were significant [age, F(1,78) : 18.04, MS": .07; load, F(1,78) : 1,005.29, MS.: .02; age X load, F(|,78) = 16.66;andage X load X condition,F(1,78) : 10.68, M,S" : .011. The significant age X load interaction reflected the fact that the age differences were larger with six letters than with four. The sisnificant three-wav DIVIDED ATTENTION 63 interaction occurred because young adults were less accurate in the concurrent task with six letters, but the older adults were actually more accurate with the concurrent task than without it when there were six letters. However, this interaction is probably not very meaningful, because the low level ofperformance with six letters suggests that a floor effect may have been operating. The absence ofsignificant condition or age x condition effects implies that there was little influence of the concurrent task on memory performance.
Dual-TaskAnalyses
The amount of age-related variance in various methods of analyzing dual-task performance was determined from regression equations with age as the only predictor variable. Results of these analyses, in the form of R2 values associated with age, are summarized in Table 2 . Because there was no assessment of memory with two letters alone, not all of the cells in the table are complete.
It is apparent in Table 2 that the age effects were significant in the RT and memory measures with the initial dual-task analysis but not with the analyses of the residual scores. The pattern with the difference and ratio analyses was inconsistent. That is, the age-related variance was significantly greater than zero in the ratio analysis for digit-symbol RT with four letters and in both the difference and ratio analyses for memory accuracy with six letters. However, the fact that older adults were less, rather than more, accurate in the memory task when it was performed alone (cf. Figure l) makes the latter results difficult to interpret.
Because older adults were more accurate than young adults in primary task accuracy, the age effects with the accuracy measure are opposite in direction to the other age effects. This raises the possibility of a tradeoffacross age groups in terms of the relative emphasis placed on speed versus accuracy in the reaction-time task. The use of a composite index can partially address this problem by incorporating speed and accuracy measures in a single index. As noted above, the composite index was created from the sum of the two accuracy z scores minus the RT z score. Inspection ofTable 2 reveals that there were significant age effects on this measure in the initial dualtask analyses but not in any ofthe analyses that took single-task performance into account.
Statistical Contrul of Speed
Correlations between measures presumed to represent similar speed constructs were moderate (i.e., boxes and digit copy : .68; letter comparison and pattern comparison = .73). Composite motor (boxes and digit copy) speed and perceptual (letter comparison and pattern comparison) speed indexes were therefore formed by averaging relevant z scores. Results of hierarchical regression analyses examining the proportion of variance associated with age in the dual-task measures after controlling these composite speed indexes are summarized in Table 3 . (Because there was no assessment of memory with two letters alone, not all the cells in the table are complete.) It can be seen that there was a substantial reduction of the age-related variance when the speed indexes were controlled and particularly when the perceptual speed index was controlled. The residual age-related variance was not significantly greater than zero after control ofthe perceptual speed index on the memory measures or on the composite index.
Complexity Regression Analyses
A series of regression equations were used in a twostage procedure to predict RT in a given condition from RT in a simpler condition and from age. The variables in these analyses are portrayed in Figure 2 . The first step in the procedure involved using the variables located im-R2 Associated with "Sll"irat-*.k performance mediately above and/or to the left of the criterion variable in Figure 2 and age as the initial predictors in a hierarchical regression equation. Nonsignificant (i.e., p > .01) predictors were then dropped and the standardized regression coefficients determined for the remaining predictors in a simultaneous regression equation. For exampleo initial predictors for the measure of RT in the 4-letter condition were RT in the two-letter condition and age. Because the age variable was not a significant predictor, it was dropped from the equation and the standardized regression coefficient was determined for the remaining predictor (i.e., RT in the two-letter condition). All significant predictors, and their standardized regression coefficients, are displayed in Figure 2 .
The most important point to note in this figure is that the only significant age influence was on the simplest RT task (i.e., RT with zero concurrent letters), with all age effects in other measures mediated through that measure. This pattern therefore suggests that there is no independent age-related contribution on the more demanding or complex conditions. Similar regression analyses were carried out for the letter-memory data, with the relevant variables and results portrayed in Figure 3 . In these analyses, the only significant influence ofage was on recall ofsix letters alone, and there was no independent influence of age when the memory task was performed concurrently with the reaction-time task.
The major implication of the results of Experiment I is that most of the age-related influences in at least some concurrent-task situations appear to be due to age-related effects in the component tasks. The evidence in support of this conclusion is that the age effects were small and inconsistent when single-task performance was considered ( Table 2 ), and that there were no independent agerelated influences in dual-task conditions when performance in the simpler conditions was controlled (Figures  2 and3) . The present results also confirm the results of other studies (e.g., Salthouse, 1991 Salthouse, , 1992a Salthouse, ,1993b in indicating that a large proportion ofthe age-related variance in cognitive tasks-in this case, performance in dual-task situations-is shared with measures of perceptual and motor speed (Table 3 ).
E)PERIMENT2
As mentioned above, Experiment 2 differed from Experiment I by using a single concurrent memory load (i.e., four letters) and varying the amount of processing required in the primary task.r To explore the generality of the phenomenon, two sets of primary tasks were used; one consisted ofa contrast between a digit-digit physicalidentity decision and a digit-symbol substitution decision,
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and the other involved the solution of arithmetic problems with zero to four addition or subtraction operations.
Method Subjects
The descriptive characteristics ofthe 50 young (18 to 39 years ofage),31 middle-aged (40 to 59 years), and 50 older (60 to 79 years) adults who participated in Experiment 2 are reported in Table 4 . None of these individuals had participated in Experiment 1. Middle-aged and older adults were recruited from newspaper advertisements; young adults were college students recruited via posted advertisements. All middle-aged and older adults received $10 for their participation; the young adults received either $ 1 0 or credit toward a course reouirement.
Procedure
As in Experiment l, all subjects performed an identical battery oftests in the same order. Testing, which required between about 90 and 120 min for each subject, was done in a campus laboratory. First, the paper-and-pencil tests, which were the same as those used in Experiment 1, were presented; then the computeradministered tests were presented in the following order: letter memory, digit-digit, digit-symbol, digit-digit with concurrent memory load, two blocks of digit-symbol with concurrent memory load, digit-digit with concurrent memory load, digit-symbol, digit-digit, arithmetic, two blocks of arithmetic with concurrent memory load, arithmetic, and letter memory. Notice that within each set of tasks (i.e., digit-digit and digit-symbol versus arithmetic), the single-and dual-task conditions were presented in a counterbalanced sequence.
The letter-memory and digit-symbol tests were the same as those used in Experiment 1. The digit*digit test was similar to the digit-symbol test, but the code table contained two identical rows of digits and the stimulus items consisted of a pair of digits. Decisions of same or different were thus based on physical identity rather than associational equivalence. Eighteen practice trials preceded the two 45-trial test blocks. For each trial, the accuracy and response latency were recorded.
The arithmetic test consisted of a simple arithmetic problem containing zero, one, two, three, or four addition or subtraction op- other studies (e.g., Salthouse, 1991 Salthouse, , 1992a Salthouse, ,1993b in indicating that a large proportion ofthe age-related variance in cognitive tasks-in this case, performance in dual-task situations-is shared with measures of perceptual and motor speed (Table 3 ).
E)PERIMENT2
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Method Subjects
Procedure
The arithmetic test consisted of a simple arithmetic problem containing zero, one, two, three, or four addition or subtraction op- erations involving single digits. On each trial, a problem was presented to the left ofthe equal sign and a correct or incorrect answer was presented to the right ofthe equal sign (e.g., 5 + 3 -I : 6). The subject was to press the "/" key as rapidly as possible ifthe equation was correct or the "2" key if the equation was incorrect. Trials with zero operations consisted ofa single digit presented on each side of the equal sign (i.e., no arithmetic operation was required, but a same/different decision was still needed).
In each arithmetic test block, one-half of the trials were incorrect, with 8 trials for each number ofoperations (from zero to four) in a random arrangement. The two test blocks were preceded by a practice block of 10 trials. Latencies and accuracies were recorded for each trial.
For each concurrent-memory-load test, a single concurrentmemory load of four letters was used. As in Experiment 1, the four letters were presented for 2,000 msec, followed by a prompt to prepare for the embedded primary task. Instructions again indicated that the primary emphasis should be on the letter-memory task. Ten practice trials preceded the t'wo 40-trial test blocks.
Results and Discussion Scores of the three groups on the paper-and-pencil speed tests, vocabulary tests, and letter-memory tests are presented in Table 4 . The pattern ofage differences is similar to that of Experiment l, and again suggests that the samples are typical of those in other studies of aging and cognition.
Digit-Digit and Digit-Symbol
Means of the median RIs for the three age groups are displayed in the top panel of Figure 4 . Age x task (digitdigit or digit-symbol) x condition (single or dual) ANOVAs were conducted on the RT and percentage-correct measures. The following effects were significant (p < .01) in the RT analysis: age, F(2,128) : 51.72, MS": 261,195 (increased age was associated with slower RTs); task, F( I , I 28) : I ,l4l .05 (RTs were slower in the digitsymbol task); age X task, F(2,128): 17.49, MS": 51,464 (the age difference was larger in the digitsymbol task); and condition, F'( l, I 28) : 253.08, MS " : 46,893 (RIs were slower in the dual-task conditions). Three interactions were also significant at the p < .05 level: age X condition, F(2,128) : 4.77 (the age difference was greater in the dual-task conditions); task X condition, rc(1,128) : 4.01 (the task difference was greater in the dual-task conditions); and age X task X condition, F(1,128) : 3.54, MS": 14,946 (the age differences were largest in the digit-symbol task under dual-task conditions).
A parallel analysis on the percentage-correct values revealed only two significant effects: task, F(l,128) = 12.86, MS":9.33 (in the digit-symbol task, accuracy-97.5Yo digit task-98.5%); and condition, F(1,128) : 30.70, MS" : 6.51 (when the tasks were performed alone, accuracy-97. o/o-was slightly lower than when they were performed concurrently with the memory task-98.6%).
Means of the percentage of four-letter sequences recalled correctly when presented alone and when presented concurrently with the primary task are illustrated Mean response time for adults in three age gmups in the digit-digit and digit-*ymbol tasks rvhen performed alone and concurrently with the fourletter memory task Bottom panel: Mean perrentage correct in the four-letter memory task for adults in thr€e age groups when performed alone and when performed concurrently with the digit-digit or digit--symbol task Vertical lines above the bars represent 1 standard ermr, Experiment 2.
in the bottom panel of Figure 4 . Because there was only one measure of single-task performance, the data were analyzed with an age X task (digit-digit or digit-symbol) ANOVA on the single-minus-dual difference in accuracy. None of the effects in this analysis was significant (i.e., -F< 1.5).
Dual-task analyses. The proportions of age-related variance for the different methods of analyzing dual- Table 6 . Inspection of the entries in this table reveals that control ofthe speed indexes led to a large attenuation ofthe age-related variance in each of the digit-digit and digit-symbol measures, particularly when the perceptual speed index was controlled. Complexity regession anallses. The two-step regression procedure used in Experiment I was carried out here on the digit-digit and digit-symbol RT data, with the results portrayed in Figure 5 . It can be seen that the agerelated influences were significant on the digit-digitalone, the digit-digit-dual, and the digit-symbol-alone measures. However, there was no significant age-related influence on the digit-symbol-dual measure when measures of performance in the simpler conditions were also included as predictors. The independent influence ofage on the digit-symbol-alone measure is consistent with the findings of other research (e.g., Salthouse & Kersten, 1993) . The significant effect ofage in the dual-task condition of the digit-digit task indicates that there was an independent age-related effect in that condition above and beyond that evident when the task was performed alone. task performance are displayed in Table 5 . The age effects were significant for the RT and memory measures in the initial dual-task analysis, but they were much smaller after single-task performance was taken into account. The only significant age-related effects with the difference score and residual score analyses were with the digit-digit RT measure. Separate composite indexes were created for the digit-digit and digit-symbol measures. In both cases, the age effects were significant in the initial dual-task analysis, but few ofthe age effects were significant when single-task performance was considered. The exception was digit-digit performance, and even that was substantially reduced relative to the agerelated variance in the initial dual-task analysis. Statistical control of speed. Correlations between the measures presumed to represent similar speed constructs were moderate (i.e., boxes and digit copy : .73; letter comparison and pattern comparison : .64), and therefore composite motor speed and perceptual speed indexes were formed by averaging z scores, Results of the hierarchical regression analyses examining the proportion of variance associated with age in the dual-task Figure 5 , Illustration of significant relations among digit-digit and digit-+ymbol response times when each variable was predicted from the variable above it or to the lef! and from age. The numbers adjacent to the armws arr standardized regression coellicients. Experiment 2. Figure 6 .Illustration of signilicant relations amongthe percentage ofcorr€ct r€sponses in the four-letter memory task when each variable was predicted ftom the variable above i! or to the left, and frnm age. The numbers adjacentto thearrows are standardized rrgression coellicients. Experiment 2.
Similar complexity analyses were carried out on the accuracy measures from the letter-memory trials. As can be seen in Figure 6 , the only significant influence ofage on the measures ofmemory accuracy was when the lettermemory task was performed alone.
Arithmetic
Means of the median RTs for the three age groups as a function of the number of arithmetic operations in single-and dual-task conditions are displayed in the top panel of Figure 7 . Parallel age X number (of arithmetic operations) X condition (single or dual) ANOVAs were conducted on the RT and percentage-correct measures in the arithmetic task. The following effects were significanl (p < .01) in the analysis of the RT measure: age, F(2,129) : 22.99, MS" : 6.21 (RTs were slower with increased age); number, F(4,512) : 812.08, MS" : 0.99 (RTs were slower with more arithmetic operations); age X number, F(4,512) : 438 (the age difference was larger with more operations); condition, F(l,128) : 46.47, MS" : 1.60 (RTs were slower in the dual-task conditions); age X condition, F(2,128) : 7.96 (the age difference was larger in the dual-task condition); number X condition, F(4,512): 9.38, MS":0.48 (the condition effect was larger with more arithmetic operations); and age X number X condition, F(8,512) : 3.82 (the age differences were larger with more operations and in the dual-task conditions).
Rgactlon Tlme Perlormance E.
Young
Mlddle Od Number of Arithmetic Operations Mean accuracy in the recall of four-letter sequences as a function of age and number of arithmetic operations is illustrated in the bottom panel of Figure 7 . An age X number (of arithmetic operations) ANOVA on the single-minus-dual difference revealed that only the effect of number of arithmetic operations was significant [F(4,512) : 51.04, MS" = .014], indicating that memory accuracy was lower when the number of arithmetic operations was greater.
Dual-task analyses. The proportions of age-related variance with the different methods of analyzing dualtask performance in the arithmetic task are presented in Table 5 . The age-related effects were significant with the dual-task and residual analyses on the RT measure, although in each case the age-related influences were substantially reduced when single-task performance was considered, particularly when there were one or more arithmetic operations. A similar pattern was evident in the composite index in that the age-related variance was much smaller, and sometimes not sienifitr'igurc 8. Illustration of significant relations among arithmetic response times when each variable was predicted frcm the variable to the left, fiom the variable above i! and from age. The numbers adjacent to the arrorvs ane standardized regression coefficienb, Experiment2. Figure 9 .Illustration of signilicant relations among the percen+rge of correct responses in the four-letter memory task when each variablewas predicted from the variable aboveit, orto theleft, and from age. The numbers adjacent to the arrows are standardized regr.ession coefficienb. Experiment 2.
cantly greater than zero, when single-task performance was considered.
Statistical control of speed. Results of the hierarchical regression analyses in which the speed indexes were controlled are contained in Table 6 . It is apparent that the age-related variance was substantially attenuated after control of the speed measures, especially when the perceptual speed index was controlled.
Complexity rcgression ana$ses. The two-step regression procedure was used to determine significant predictors of the arithmetic RT measures; the results of these analyses are portrayed in Figure 8 . Notice that independent age-related effects were evident only with the measure of zero arithmetic operations in the single-and dual-task conditions and in the one-operation measure when the arithmetic task was performed alone. This is the same pattern as that found in the digit-digit and digit-symbol data summarized in Figure 5 . It is particularly noteworthy that even though the RTs were much longer with the additional operations and with the dualtask requirement (see Figure 7) , the only unique or independent age-related influences were in the simplest conditions of the task.
Results of the complexity analyses on the accuracy measures in the memory task are summarized in Figure 9 . The only significant age effect was on four letters alone, as there were no independent age-related influences in any of the other measures.
The results of this study are similar to those of Experiment I in three major respects. First, the age-related effects in the measures of dual-task performance were generally small to nonexistent after control of singletask performance. Second, there were few independent influences of age on complex versions of the tasks when measures ofperformance in simpler versions of the tasks were also included as predictors. And third, control of the paper-and-pencil speed indexes, and particularly the perceptual speed index, substantially reduced the agerelated variance in the dual-task measures.
Howeveq there were also two notable respects in which the results of this study differed from those of Experiment I . One was the finding of independent age-related influences when a task was made more complex by adding a different operation, as in the contrast ofdigitdigit and digit-symbol and the contrast of arithmetic with zero or one operation(s). The fact that there were no independent age-related influences on RT in the arithmetic task with additional operations beyond one suggests that this phenomenon may be attributable to the addition of a qualitatively new operation rather than to simply more repetitions of the same operation.
The second interesting way in which the results of the two studies differed was that in this experiment there was an independent influence ofage on the dual-task version of the simple tasks (i.e., digit-digit and arithmetic with zero operations). It is possible that when the tasks are extremely simple, such as those involving only percepfual identity decisions, the requirement to perform the task in combination with another task changes the situation in a manner analogous to the addition of a new operation.
GENERALDISCUSSION
One of the major findings of these studies was that although there are large and significant age-related effects on dual-task performance, those effects are greatly reduced, and frequently not significantly greater thanzero) when single-task performance is taken into account. The most meaningful measure of dual-task performance may be the composite index because it reflects performance on both concurrently performed tasks. No significant age-related variance was evident in this measure in Experiment I with any of the methods of considering singletask performance (cf. Table 2 ). The residual age-related variance was significant for the simplest conditions in Experiment 2 (i.e., digit-digit, and arithmetic with zero operations) and for arithmetic with four operations (cf .  Table 5 ), but in all cases the age-related variance was much smaller after adjustment for single-task performance than before such adjustment. It therefore seems reasonable to conclude that, at least for the combinations of tasks used in these studies , a large proportion of the age-related influences on dual-task performance are mediated through effects on single-task performance.
To the extent that independent age-related influences on dual-task performance are small or nonexistent, the Baddeley hypothesis ofage-related effects on a central executive responsible for monitoring and controlling concurrent activities is called into question. Although there are some significant age-related effects in Tables 2  and 5 when single-task performance was taken into account, they are relatively few in number, and in all cases the absolute magnitude of the age effects are small. These results thus suggest that ifa central executive is responsible for coordinating concurrent activities such as those in these studies, its functional effectiveness is apparently not dramatically lower with increased age. A similar conclusion is implied by the results of the Baddeley et al. (1986) study, in which no significant age differences were found in dual-task performance when the difficulty levels of the component tasks (tracking and digit span) were adjusted for each individual on the basis ofhis or her performance in the single-task conditions.
Another important finding from the current studies was that there were few or no age-related influences on the moro complex versions of the tasks that were independent of the age-related effects on simpler versions of the tasks. These results are summarized in Figures 2,3 ,5,6, 8, and 9, where it can be seen that age was directly related to measures of performance only in the simplest tasks. The sole exceptions are in Figures 5 and 8 , where independent age-related effects are also evident in the dual-task version of the simplest tasks (i.e., digit-digit and arithmetic with zero operations) and in a more complex version of the task in which a new operation was required (i.e., the addition of a substitution operation in digit-symbol and the addition of an arithmetic operation in arithmetic with one operation).
The results just described are intriguing because they suggest that many of the age-related effects in complex cognitive activities may be mediated through age-related influences on elementary processes. Nevertheless, the discovery ofindependent age-related effects when a new cognitive operation seems to be required implies that there may be distinct age-related influences on certain cognitive processes, such as substitution and arithmetic computation. Much of the agerelated variance in these measures is still shared because, in each case, the proportion of age-related variance that was unique was 507o or less (i.e., total R2 associated with age was .492 for digit-symbol and .310 for arithmetic-1, but the increment in R2 associated with age in digit-symbol after control of digit-digit was . 194 and the increment in R2 associated with age in arithmetic-l after control of arithmetic-0 was .155). However, the discovery ofsignificant independent agerelated variance suggests that these measures had unique or specific age-related influences in addition to common or relatively general influences. An important priority for future research should be to determine the identity of cognitive processes associated with unique or independent age-related influences, and to specify the factors responsible for those influences as well as for the shared or common influences.
The third major finding from these studies was that relatively simple measures ofprocessing speed share a large amount ofthe age-related variance with measures of dualtask performance. As has been found with other measures of cognitive performance (e.g., Salthouse, 1991 Salthouse, , 1992a Salthouse, , 1993b , therefore, processing speed appears to be involved in the effects of age on the performance of two concurrent tasks. In fact, comparison of the last column in Tables 2 and. 5 with the last column in Tables 3 and 6 reveals that the attenuation of the age-related variance was nearly as great after control ofthe paper-and-pencil perceptual speed index as after control ofa measure of single-task performance. It is therefore possible that the mechanism responsible for age-related effects on measures of both complex and simple performance is related to a slower speed of executing elementary operations.
